for religation (reviewed by Haber, 1998). The third is a complex of Xrcc4 and Ligase IV, both of which are essential for the religation step following DSB repair. , 1998). Moreover, hdf mutants aggravate defects provoked by the loss of the Mre11/ The telomere is a unique structure that serves to protect the termini of linear chromosomes from fusions and degRad50/Xrs2 complex, which may process the chromosome end creating the 3Ј overhang necessary for teloradation. Other ends in DNA, such as breaks caused by ionizing radiation or other DNA-damaging agents, must merase function. These data are consistent with the proposal that yKu helps cap the telomere and/or regube repaired to ensure that every chromosomal fragment is linked to a single centromere for equal distribution at lates 3Ј end processing enzymes. The fact that hdf mutants are defective in both telomitosis. The induction of a single double-strand break (DSB) will cause cells to arrest in the cell cycle at the mere maintenance and DSB repair suggests the direct DNA damage checkpoint until the break is repaired (Saninvolvement of yKu at both sites. However, if true, yKu dell and Zakian, 1993).
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binding must be able to produce two opposite results: One universally conserved mechanism by which cells at double-strand breaks, DNA ends are processed and repair DSB is a process referred to as nonhomologous religated, while in the case of telomere maintenance, end joining (NHEJ). This involves three well-characterend-to-end ligation is specifically suppressed. At presized protein complexes. One is the Ku heterodimer, ent, it is unknown whether yKu binds directly at both which in mammalian cells associates with the ATMsites of action, what distinguishes the two complexes, related DNA-stimulated protein kinase (DNA-PK; reand whether yKu is regulated by the damage response viewed in Critchlow and Jackson, 1998). The second is pathway. the Mre11/Rad50/Xrs2 complex, which has endo-and Here, we examine the fate of yKu and the nucleosomeexonucleolytic activities thought to process the break binding silent information regulator (SIR) complex (reviewed by Shore, 1998) telomeric heterochromatin serves as a reservoir for Radiolabeled PCR using chromosome VI-R primers located at 0.5, 2.5, 5.0, and 7.5 kb from the telomere was performed, and PCR products were resolved on 6% polyacrylamide gels. The strains used were GA1009 (SIR ϩ , WT) and GA1061 (sir4⌬). (C) Cross-linking and immunoprecipitation using anti-Sir3p (lanes 1 and 2) and anti-Sir4p polyclonal antibodies (lanes 3 and 4) and radiolabeled PCR were done as described in (B). The strains used were W303A (WT) and YT29 (hdf1⌬). (D) Quantitation of the ␣-Sir3p and ␣-yKu80-Myc data shown in (B). Each signal was measured relative to the 7.5 kb signal and normalized to the same ratio in input DNA. Ratio compares SIR ϩ and sir4⌬ strains. (E) Quantitation of the data shown in (C). Each signal was measured relative to the 7.5 kb signal and normalized to the same ratio in input DNA. Ratio compares HDF1 ϩ and hdf1⌬ strains. chromatin factors that respond to physiological signals, reflect the clustering of yeast telomeres near the nuclear periphery , 1997) . The terminal 500 bp fragment of Chr. VI-R and a orescence studies. Immunostaining with anti-Myc (9E10) antibody reveals that yKu80-Myc is concentrated in a subtelomeric band at 2.5 kb from the telomere end are 4.5-and 1.5-fold enriched in the yKu80-Myc immunoprefew discrete subnuclear foci per focal plane ( Figure 1A) . Double labeling using anti-Myc and affinity-purified cipitate as compared to a band produced by primers at 7.5 kb from the telomere end ( Figures 1B and 1D ). anti-Rap1p reveals an extensive colocalization of yKu80p foci with those of the telomere repeat-binding protein Similarly, in immunoprecipitates of Sir3p or Sir4p, these bands are enriched 3-and 1.5-fold, respectively (Figures Rap1p (signal coincidence is yellow in the merged image, Figure 1A ). Since combined immunofluorescence 1B and 1D; see also Strahl-Bolsinger et al., 1997). Thus, yKu80p is not only bound to the most distal 500 bp of and in situ hybridization have shown that Rap1p foci Figure 2 . GBD-yKu70p and GBD-yKu80p Nucleate Silencing in the Absence of a Silencer (A) Targeted repression is monitored in strains that carry URA3 adjacent to eight Gal4p-binding sites integrated at the HML locus, flanked by both the E and I silencers (E-I, white; Ce134), only the E silencer (E-⌬i, dashed; Ce76), or neither (⌬e-⌬i, black; Ce77). These strains were transformed with vectors encoding either yKu80p, yKu70p, Sir2p, or Orc1p fused in-frame to the Gal4 DNA-binding domain (GBD). (B) The influence of targeted fusion proteins (GBD-yKu70p, GBD-yKu80p, GBD-Sir2p, or GBD-Orc1p) on silencing of the URA3 gene was monitored as described in Experimental Procedures, as compared to a strain expressing only the GBD (pAS2, vector). The mean and standard deviation were calculated for ratios of cells growing on ϩFOA and ϪFOA, for eight independent colonies of each transformant (see bar graph; the x axis represents the efficiency of URA3 repression in log scale. Less than 3 in 10 5 cells with vector alone grow when one or both silencers are deleted or in a sir4::HIS3 deletion background (⌬e-⌬i, sir4⌬).
Chr. VI-R, but it appears to spread, like Rap1p and SIR
Constructs with deleted silencers thus allow us to test whether GBD-fusion proteins can establish repression, complexes, along the repressed subtelomeric region.
By performing this same assay in a strain deficient like the positive controls of Sir2p and Orc1p fused to GBD. for SIR4 (sir4⌬), we find that the association of yKu80-Myc with the more internal sequence is SIR dependent,
The colony-forming assay on 5-FOA reveals that the GBD-yKu70p is a potent nucleator of repression even while its binding to the terminal fragment is not ( Figures  1B and 1D ). As expected, no association of Sir3p with in the absence of silencer elements ( Figure 2B ), silencing URA3 expression to within 2-fold of the maximal level either telomeric or subtelomeric fragments can be detected in the sir4⌬ strain. Similarly, Sir3p and Sir4p bind detected in the two-silencer construct ( Figure 2B ). Indeed, the GBD-yKu70 fusion nucleates repression more telomeric sequences poorly in an hdf1⌬ strain (levels are 3-to 5-fold lower than wild-type, Figures 1C and efficiently than GBD-Orc1p or GBD-Sir2p on the construct lacking silencers, while on the construct con-1E), consistent with the loss of TPE reported for hdf1 and hdf2 strains (Laroche et al., 1998) . Thus, although taining one silencer, all three GBD fusions are equally efficient ( Figure 2B ). GBD-yKu80p silences as efficiently yKu has a SIR-independent association with the terminal fragment of the chromosome, it associates with reas GBD-Ku70p on the E-⌬i reporter, but it is less efficient on a reporter lacking both silencers, correlating with the pressed chromatin in a SIR4-dependent manner, much like Rap1p (Strahl-Bolsinger et al., 1997).
fact that GBD-yKu80p only partially complements an hdf2 deletion, while GBD-yKu70p fully complements an hdf1 null (data not shown). In all cases yKu-mediated yKu Can Nucleate Silencing in the Absence of Silencer Elements repression is SIR dependent, as no growth is detected on 5-FOA in the absence of Sir4p (see sir4⌬, Figure 2B ). (Figure 2A 
1997). In sir mutants in a W303 background it has been
MMS. Again strains deficient for sir4, and to a lesser extent sir3, were more sensitive to MMS than the isoargued that the drop in NHEJ efficiency reflects the pseudo-diploid state that arises when HM silencing is genic wild-type strain ( Figures 3C and 3D ). This was confirmed for two other isogenic pairs of diploid sir3 lost (Aströ m et al., 1999). We therefore examined the viability of both haploid and diploid sir mutants in the and sir4 strains (data not shown). When mutant and wild-type strains are cultured on presence of DNA-damaging agents. A wild-type yeast strain and its isogenic disrupts for sir2, sir3, sir4, hdf1, BLM, only rad52 deficiency confers sensitivity to levels between 10 and 20 mU/ml BLM, and the hdf, but not or rad52 were grown on increasing concentrations of methyl methane sulfonate (MMS) or bleomycin (BLM), sir, strains grow poorly at 30 mU/ml BLM ( Figure 3A) . Nonetheless, the hdf1sir4 double mutant is more sensiwhich both induce DNA strand breaks; MMS creates adducts and apurinic sites, which become single-and tive than either single mutant, again suggesting that SIR proteins play a role in the repair process distinct from double-strand breaks (Schwartz, 1989), while BLM is a radiomimetic drug that creates DSB by a concerted free that of yKu. Since the hypersensitivity of sir mutants is detected in diploid cells, it cannot simply be due to the radical attack on sugar moieties, preferentially attacking adjacent residues on opposite strands (Povirk, 1996) . coincident expression of MATa1 and MAT␣2. Serial dilution growth assays show that hdf-and sirdeficient strains are roughly 100-fold more sensitive to Bleomycin-Induced Damage Delocalizes yKu80p, Rap1p, and Sir4p from Telomeres 0.03% MMS than their isogenic parental strain ( Figures  3A and 3C) . Importantly, the hdf1sir4 double mutant is We next examined the fate of yKu and SIR proteins under conditions of DNA damage by treating RAD52 ϩ also significantly more sensitive than either single mutant (see 0.03% MMS, Figures 3A and 3B ). While this strains with a low level of BLM (5 mU/ml). After 3 hr, we observe that the Myc-tagged yKu80p protein has lost implicates both yKu and SIR proteins in survival after damage, their functions appear not to be epistatic. To its preferential punctate localization in most cells, producing a diffuse nuclear staining (compare ϪBLM with eliminate possible effects due to HM derepression in a haploid background, diploid sir3 and sir4 strains were ϩBLM, Figure 4A) . Similarly, when bleomycin-treated diploid cells are stained for Rap1p, Sir3p, or Sir4p, the compared to their SIR ϩ parental strain for viability on . To see whether a single DSB elicits the redistribution of subtelomeric chromatin components, we made way, we induced DNA damage in a rad9-deficient strain and monitored Rap1 and SIR protein localization. In use of a yeast strain bearing an inducible HO endonuclease and a unique recognition site for this enzyme at the contrast to the isogenic wild-type strain, Rap1p and SIR proteins remain in foci in the rad9 mutant after treatment MAT␣ locus (gift of S. E. Lee and J. Haber; Figure 5A ). Growth on galactose-containing medium induces exwith 0.03% MMS ( Figure 4A and data not shown) ; on bleomycin, the rad9 strain also shows less delocalizapression of the HO endonuclease, and cleavage at the MAT␣ locus is essentially complete after 1 hr induction tion (data not shown).
(data not shown, Lee et al., 1998). Deletion of both HM loci ensures that this cut can only be repaired by the
Restoration of Rap1p Foci Requires Passage
Ku-dependent end-joining pathway.
through S Phase
Between 2 and 4 hr after induction of the HO endonuTo test whether the damage-induced telomeric reclease, the Myc-tagged yKu80p no longer shows a sponse is reversible and to rule out artefacts such as punctate pattern of staining ( Figure 5B ). Between 4 to epitope masking, we have monitored the delocalization 6 hr after the shift to galactose, we see that Rap1p, of Rap1p in a diploid strain carrying two integrated copSir3p, and Sir4p also assume a similar, diffuse localizaies of a RAP1-GFP fusion (AHY111). This fusion is fully tion (shown for SIRs, Figure 5B ). Indeed, double staining functional and complements the rap1 null allele (Hayashi for Sir3 and yKu80 at earlier time points reveals a majoret al., 1998). In these cells we can monitor Rap1 delocality of the cells with a diffuse yKu80 staining, surrounded ization live by direct GFP epifluorescence.
by the typical punctate pattern of telomere-bound Sir3p A series of six 0.3 m optical sections (from left to (yKu80 is green, Sir3p red, Figure 5B ). SIR delocalization right, Figure 4B) shows the nucleus of a living cell, grown is not observed in the isogenic strain that lacks the HO in the absence or presence of 5 mU/ml BLM. Consistent endonuclease (see -HO inset), and nuclear pore staining with the immunofluorescence results, bright foci of confirms the integrity of nuclear structure (bottom panRap1-GFP are visible primarily at the nuclear periphery els, Figure 5B ). The fact that a single DSB is sufficient in untreated cells, whereas we frequently observe a difto provoke this reorganization demonstrates that the fuse Rap1-GFP fluorescence after drug addition. The response is not a mass action or titration effect, consisdelocalization phenotype was quantified on an unsyntent with its RAD9 dependence. The data are presented as the ratio of a telomere VI delocalization is more extensive and more rapid. Redis-R-proximal PCR product (600 bp away from the TG retribution of Rap1p is reversible, and normal perinuclear peats, Figure 6A ) to a nontelomeric control fragment Rap1p foci are restored by 3 hr after removal of the drug (450 bp from within the SMC2 gene), which serves as ( Figure 4C) . an internal standard (neither yKu nor SIR proteins bind Elsewhere we have shown that the delocalization of SMC2 specifically). The Tel/SMC ratio is normalized to Rap1p from telomeric foci correlates primarily with its that detected in the input DNA. In Figure 6A , we show displacement from subtelomeric chromatin, and not that by 4 hr and 6 hr after induction of HO endonuclease, from high-affinity binding sites in the TG-rich repeat the enrichment of SIR proteins on the Tel fragment drops (Gotta et al., 1996; Strahl-Bolsinger et al., 1997). Thus, by a factor of two. This result confirms that SIR proteins we suspected that the delay in the reformation of Rap1p delocalize from subtelomeric chromatin, as seen by imfoci after DNA damage might reflect passage through munofluorescence. The ChrIP analysis further indicates S phase, which was previously shown to be necessary that a significant fraction of the SIR complex remains to restore SIR-mediated repression after shifting a sir3 HO cleavage site indicates that only 6% are intact at 4 subtelomeric repression as compared to internal silencing, under conditions of induced DNA damage. Our reor 6 hr after HO induction. A strain lacking GAL-HO shows no increase of SIR binding at MAT␣ after 6 hr on porter strain carries both a telomere-proximal URA3 reporter and a silencer-flanked ADE2 gene inserted at the galactose ( Figure 6F ).
Since roughly half the SIR complexes are released LYS2 locus, situated 242 kb away from the telomere of Chr. 2 ( Figure 7A ). Under normal conditions the silencerfrom telomeres after induction of DNA cleavage, the increase in the recovery of HO-bound Sir proteins might flanked internal reporter is expressed, because telomeres sequester SIR proteins at perinuclear foci (Maillet simply reflect a higher background of random SIR protein binding, or possibly SIR binding nucleated by an et al., 1996). In the presence and absence of BLM, we score for growth on 5-FOA, which directly monitors the internal Rap1p site. However, the levels of Sir3p or Sir4p associated with the SMC fragment and with a fragment efficiency of telomeric repression ( Figure 7B) . At 20 or 30 mU/ml BLM, we see a decrease in growth on 5-FOA, from the HIS4 promoter that contains a Rap1-binding site are constant even after 6 hr of HO endonuclease indicating a decrease in TPE ( Figure 7B ). When the drop in viability (see left panel, Figure 7B ) is accounted for, expression (data not shown). Thus, the increase in SIR detection at MAT␣ appears to be significant. Strikingly, TPE is reduced from 42% to 7%, or 6-fold. Derepression could also be detected using a telomere-proximal ADE2 at early time points where yKu is most highly enriched at the HO cut, we see no significant increase in the reporter (data not shown), ruling out URA3-or FOAspecific effects. Both assays are consistent with the binding of SIRs.
partial delocalization of SIR complexes observed by ChrIP during HO induction.
DNA Damage Compromises TPE, Displacing Repression-Competent SIR Complexes
To determine whether the displaced SIR proteins are still competent for repression, we monitored repression As a functional assay for the delocalization of telomeric chromatin components, we monitored the efficiency of of the internal silencer-flanked ADE2 reporter in the Discussion Double-strand breaks are highly deleterious to the integrity of the genome, and improper processing or repair of DSB can lead to gene rearrangements, deletions, or aneuploidy. Indeed, the eukaryotic cell has developed elaborate means to eliminate DSB without loss of information, through homologous recombination and/or direct end-joining reactions. Both pathways require an arrest in cell cycle progression until the chromosome is repaired, which is imposed by the DNA damage checkpoint (Weinert, 1998) . of yKu may reflect its loss from subtelomeric regions and not from the more distal TG repeats (Figure 1 ). These observations provide support for the model that subtelopresence of bleomycin. Indeed, we observe an accumumeric heterochromatin serves as a reservoir for proteins lation of red pigment in these colonies, which is not that are released to act at other nuclear sites in response present in the absence of damage ( Figure 7C, upper left to physiological signals. In the case of DSB, one might corner). This repression requires the intact SIR complex, argue that a checkpoint-induced release of yKu ensures the presence of the flanking silencer elements, and corsufficient protein for a rapid scanning of the genome to relates with the bleomycin-induced release of SIR prominimize inappropriate recombination or fusion events. teins from telomeric foci ( Figure 7C ). Thus, we conclude The subtelomeric reservoir model is based on the that a significant fraction of the displaced SIR proteins finding that internal, silencer-flanked reporters (includare competent to form repressed chromatin and can be ing reporters at the HM loci) compete with TPE for the recruited by silencers to internal chromosomal sites. 
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